Abstract. Global Navigation Satellite Systems (GNSS) are space based positioning techniques and widely used in geodetic applications. Geodetic networking accomplished by engineering surveys constitutes one of these tasks. Geodetic networks are used as the base of all kinds of geodetic implementations, Co from the cadastral plans to the relevant surveying processes during the realization of engineering applications. Geodetic networks consist of control points positioned in a defined reference frame. In fact, such positional information could be useful for other studies as well. One of such fields is geodynamic studies that use the changes of positions of control stations within a network in a certain time period to understand the characteristics of tectonic movements. In Turkey, which is located in tectonically active zones and struck by major earthquakes quite frequently, the positional information obtained in engineering surveys could be very useful for earthquake related studies. For this purpose, a GPS (Global Positioning System) network of 650 stations distributed over Istanbul (Istanbul GPS Triangulation Network; abbreviated IGNA) covering the northern part of the North Anatolian Fault Zone (NAFZ) was established in 1997 and measured in 1999. From 1998 to 2004, the IGNA network was extended to 1888 stations covering an area of about 6000 km 2 , the whole administration area of Istanbul. All 1888 stations within the IGNA network were remeasured in 2005. In these two campaigns there existed 452 common points, and between these two campaigns two major earthquakes took place, on 17 August and 12 November 1999 with a Richter scale magnitude of 7.4 and 7.2, respectively. Several studies conducted for estimating the horizontal and vertical displacements as a result of these earthquakes on NAFZ are discussed in this paper. In geodynamic projects carried out before the earthquakes in 1999, an annual average veCorrespondence to: M. T.Özlüdemir (tozlu@itu.edu.tr) locity of 2-2.5 cm for the stations along the NAFZ were estimated. Studies carried out using GPS observations in the same area after these earthquakes indicated that point displacements vary depending on their distance to the epicentres of the earthquakes. But the directions of point displacements are similar. The results obtained through the analysis of the IGNA network also show that there is a common trend in the directions of point displacements in the study area. In this paper, the past studies about the tectonics of Marmara region are summarised and the results of the displacement analysis on the IGNA network are discussed.
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Tectonical background
Anatolia is located on the Alps-Himalayas orogeny, one of the most active seismic belts in the world. The mentioned seismic belt starts at the Azores and stretches as far as to Indonesia in the Far East. In general, it is an active belt that is affected by the relative movements of the plates of Eurasia, Africa, and India-Australia (McKenzie, 1972) . Turkey and its surroundings constitute the most kinetic section of the Mediterranean part of this active seismic belt, as well as portraying its general characteristics. Anatolia also presents a number of specific geological properties. The geology of Turkey, located between the plates of Eurasia in the north and Africa-Arabia in the south, has developed according to the constant movements of these two plates and the geotectonic evolution of the old and new Tethys Ocean located between these plates. The Arabian plate collides with Eurasia along the Bitlis thrust zone. As a result of the Arabian plate moving north and hitting Eurasia, Eastern Anatolia became stuck in the direction of northwards-southwards and a new tectonic era started over the whole Anatolian plate.
Today, the young and active tectonic movements observed in Anatolia are the product of this collision mechanism, whose fault zones and earthquake activities started 15 million yr ago and continue still today (Fig. 1) . The northern part of the Arabian plate and the north-eastern part of the African plate move relative to the Eurasian plate northwards. In the Bitlis-Zagros shock zone, the Arabian and African plates collide with the southern part of the Eurasian plate, squeezing East Anatolia. Consequently, the Anatolian plate moves relative to the Eurasian plate westwards and relative to the African plate in west-southwestern direction. The stress caused by this mechanism gave rise to the formation of fault zones in North Anatolia and East Anatolia, which increased the magnitude of westward movement of the Anatolian plate (Ş engör, 1979) .
The NAFZ is a seismically active right lateral fault zone with a length of about 1200 km from Karliova in the east to the Gulf of Saros in the west. The current state of the NAFZ is a result of major earthquakes that have occurred over the past centuries, starting from the eastern part of the NAFZ towards/to the western part. The earthquakes with large magnitudes caused surface faulting and broke an 800 km section of the fault. As a result of geological investigations, horizontal and vertical displacements varying between 1.5 m-4.5 m and 40 cm-100 cm formed on the cracks that were detected. A nearly 90 cm right lateral movement occurred between the two blocks of the fault (Ketin, 1969) . Between 1900 and 1998, 34 devastating earthquakes recorded along the NAFZ with a magnitude of more than 5.5 of Richter scale (9 of those earthquakes had a magnitude larger than 6.5 of Richter scale). Additionally, over a period of three months, including the dates 17 August 1999 (Izmit) and 12 November 1999 (Düzce), two major earthquakes occurred in the east of the Marmara Region, which is a section of the NAFZ. Huge losses of lives and property were experienced in the region due to these earthquakes (Barka, 1999) . Figure 2 shows the major earthquakes that took place along the NAFZ including the latest Izmit and Düzce earthquakes.
Numerous scientific studies have been carried out dealing with the tectonical characteristics of the NAFZ before and after these two earthquakes occurred in the east of Marmara region in 1999. Some of these studies included various geological and geophysical measurements for the shelf, slope, and deep plane of the sea, collected samples, filmed underwater videos of the active faultline, and used high technology instruments and devices. The main objectives of the studies focus on the structural evolution, the seismicity, and the depositional processes and bathymetry of the Marmara Sea. The objective of geodetic studies, on the other hand, is to determine the location, direction, and magnitude of displacements caused during and after an earthquake, or because of small crustal movements causing earthquakes and crustal stress. Local control networks or national geodetic networks were used to achieve this objective. As an example to such studies, McClusky et al. (2000) summarize the characteristic properties of plate movements in the area of eastern Mediterranean on the basis of GPS observations conducted from 1988 to 1997 with following the statements: -As a result of the rapid north-northwest movement of the Arabian plate relative to the Eurasian plate, the Eastern Anatolia region is squeezed and the Anatolian plate turns anticlockwise, towards the west, at a speed of 20-25 mm yr −1 .
-The African plate slides under the Anatolian plate with a westward movement at a speed of 5-10 mm yr −1 .
-The Aegean plate extends in the direction of northsouth. This high rate of seismicity has a critical importance for the earthquake hazard in the Marmara region, because approximately 25 % of Turkey's population and most of its industrial centres are included in this region (Koçyiǧit, 2006) . The major 1999 Izmit earthquake occurred at 03:02 EEST on 17 August, with a magnitude of 7.4 on the Richter scale, whose epicentre was around the district of Gölcük located 12 km southeast of the centre of Izmit, an industrial town in the southeast of the Marmara Region. During this earthquake, a rupture exceeding 120 km formed, stretching from the southwest of Düzce to the northwest of Yalova, located on the Marmara Sea. The largest damage occurred in the cities of Kocaeli and Sakarya during this earthquake. The observation is that the earthquake developed as a right lateral strike slip fault. This observation complies with the general characteristics of the NAFZ (Cerit et al., 1999) .
This earthquake that lasted approximately 45 s caused a huge loss of lives and property in the Marmara region that had (and has of this writing) a population over 20 million. As previously emphasised, the earthquake in Izmit created a nearly 120 km rupture causing up to 5.7 m displacements in opposite directions of the fault line. The Gulf of Izmit is on the north branch of the NAFZ. The Gulf of Izmit has one fault line extending to the Gulf of Saros, setting an example for the development of parallel secondary fault lines. In particular, the fault lines that establish the Gulf of Izmit are important elements with regard to the definition of the sequence of the structures observed in the Marmara Sea (Alpar and Yaltırak, 1999) .
In their study conducted using GPS data collected on the stations distributed over Marmara region before and after the earthquake in Izmit on the 17 August 1999, Reilinger et al. (2000) calculated the horizontal and vertical displacements relative to the Eurasian plate with a confidence level of 0.95 using common points within the network, to understand the tectonical impact of earthquakes on the area of the earthquake epicentre and surrounding domain. The average right lateral strike slip along the fault plane of the earthquake in Izmit, together with the inversion analysis of the lateral strike slip measurements in an elastic half-space, was 2.86 m. The fault plane was accepted as input in the model created and a dislocation model was established in an elastic halfspace. The total strike slip movements that occurred during the earthquakes in Izmit and Düzce at the first and second degree lateral control points within the region were calculated. The horizontal control point nearest to the surface crack was approximately 10 km away, while a maximum displacement between 1.5 and 2 m was observed at these points. It was observed that the displacement between the first and second degree horizontal control points, eastward north of the surface crack, and westward south of the surface crack, moved 3-4 m from each other. The 1999 Izmit earthquake exhibits a maximum of surface displacements 5 m at the nearest point to the surface crack, and decreased as the distance from the surface crack increased. Displacements were eastward north of the surface crack, and westward south of the surface crack. Deformation continued in the structure and along the fault line for nearly three months after the earthquake, the aftershock period. It is thought that horizontal control points move maximally up to 10 cm from each other due to displacements after the earthquake. The maximum displacements caused by the 1999 earthquake in Izmit appeared in Gölcük, and west and east Sapanca. A 5.7 m displacement was determined west of the earthquake epicentre, and a 4.7 m displacement was determined east of the epicentre of the earthquake . In their study, Kutoǧlu et al. (2011) determined horizontal displacements of up to 2.15 m in the eastern part of Sapanca.
In another study, Ayhan et al. (2002) analysed GPS data collected in the western section of NAFZ covering the Marmara region. The measurements had been conducted in 23 campaigns in cooperation with the Federal Agency for Cartography and Geodesy in Frankfurt am Main (former Institute for Applied Geodesy) until just before the earthquake in Izmit on the 17 August 1999. The processing was done using the Bernese 4.0 software from the Astronomical Institute of the University of Bern, and the velocity field was calculated by integrating sessions using the GLOBK software from MIT. In conclusion of the study, the annual displacements in the Sapanca and Düzce regions along the NAFZ were determined as 17-20 mm yr −1 on average.
The 1999 earthquake in Düzce, on 12 November also effected the east of the Marmara region. In another study conducted by Ayhan et al. (2001a) , after this 1999 earthquake in Düzce identified that the lateral strike slip was 3.76 m, and the maximum lateral strike slip along the surface crack was indicated as 5 m as a result of a geological assessment.
Another resource that can be mentioned regarding the effects of an earthquake is the temporal point displacements within the stations of the Turkish National Fundamental GPS Network (TUTGA). This network, consisting of about 600 points, was established prior to the earthquakes in Izmit and Düzce in 1999, and has 53 common points with networks established within the context of geodynamic projects underway throughout Turkey. The majority of these points are located in the west and northwest of the country. The first velocity vectors from the TUTGA network were determined using these points, and the strategy of velocity estimation used also applied to determine the velocity of other points included in the IGNA network discussed in this paper.
Second period observations of the stations within the TUTGA network were completed in 2003. The baseline lengths between the stations in this network vary from 25 to 70 km, and most of these points are located in the areas with different tectonical characteristics to focus the current tectonical features of the Anatolian plate. Because a large number of stations covering almost all important tectonic faults in Turkey have been observed during the GPS campaigns, this enabled Ayhan et al. (2002) to develop a realistic tectonic model to describe the movement of Anatolia relative to the main plates in its surroundings and to explain the tectonical characteristics of the areas of the plate boundaries. Figure 3a and b illustrate the sizes of horizontal and vertical velocity vectors estimated by Ayhan et al. (2001b) using the GPS observations within the TUTGA network.
In addition to the GPS measurements carried out within the TUTGA network after the region's two major 1999 earthquakes, vertical movements of stations were also calculated based on levelling observations. Accordingly, vertical displacements varying between −52.7 and +28.8 cm were determined within the earthquake zone between Düzce and Izmit. In the Gölcük region located to the south of the NAFZ, a rising of 20 cm was detected. Meanwhile, in the northern part of the Izmir Gulf a subsidence of 20 cm was observed (Cingöz and Demir, 2002) .
Istanbul GPS Triangulation Network (IGNA)
Projects to establish a modern cadastral system and a proper geodetic network in Istanbul date back to 1911. The first modern studies started in the historical peninsula and then developed to date in accordance with the city's development (Güneş et al., 1985) . The most recent study to establish a geodetic network in Istanbul was in 1999. The IGNA, a densely geodetic network that incorporates the metropolitan area of the city of Istanbul, was set up in 1999, including about 650 stations to form a geodetic infrastructure for engineering studies. The IGNA network was established by the Istanbul Metropolitan Municipality in such a way that there are points distributed homogeneously for obtaining accurate and reliable coordinate information in the ITRF (International Terrestrial Reference Frame) datum and ED50-Datum (European Datum, 1950) . The baseline lengths between the stations in the IGNA network are between 15 and 20 km. The relationship of the IGNA with the Turkish National Fundamental Control Network, which was established in the past using terrestrial techniques with the purpose to set up a national surveying network covering all area of Turkey, was realized using common station coordinates within both networks. Before the second GPS campaign conducted in IGNA in 2005, the number of network stations was increased to 1888 (Ayan et al., 2006a, b) .
In the processing phase of IGNA in 1999, firstly, the primary network of 58 points was assessed, and then the mean square errors for the longitude and latitude values were determined as ±1 cm (max 1.3 cm), and the mean square errors of average ellipsoidal heights were determined as ±1-2 cm (max. 2.8 cm) after the adjustment computations. The densification network points were calculated based on the primary network points. Total number of fundamental GPS network points plus the number of densification GPS network points was 650 (Ayan et al., 1999) . Station coordinates were computed in ITRF94 datum (reference ellipsoid GRS80-Geodetic Reference System, 1980) with the reference epoch of 1998.0.
As pointed out, the number of network points in the 2005 measurement campaign in the IGNA is 1888; 107 primary and 1781 densification points. Included in the established primary network are the ISTA and TUBI points of the International Global Navigation Satellite Systems Service (IGS), as well as BADT, DRAGOS and NEANDROS points, the permanent stations established by TUBITAK (The Scientific and Technological Research Council of Turkey) as part of the Marmara Continuous GPS Network (MAG-NET) project. Figure 4 illustrates the primary GPS network of IGNA formed with 107 points. After the network adjustment, the latitude accuracies vary between ±0.2-0.7 cm, the longitude accuracies vary between ±0.1-0.5 cm, and the ellipsoidal height accuracies vary between ±0.4-1.5 cm. In the densification network, the latitude accuracies vary between ±0.2-3.0 cm, the longitude accuracies vary between ±0.2-1.6 cm, and the ellipsoid height accuracies vary between ±0.5-5.0 cm (Ayan et al., 2006b) . Station coordinates were computed in ITRF96 datum with the reference epoch of 2005.0.
In both campaigns, GPS data processing was performed using Bernese 5.0 and Leica Geo Office GPS processing software.
Displacements in the IGNA Network
Horizontal and vertical displacements of the points in the Primary Network and the Densification Network were determined using the common point coordinates of IGNA-1999 and the IGNA-2005 campaigns. The baseline components between stations and their covariance matrices obtained from GPS processing were used for the determination of point displacements. The orbital differences between two campaigns were neglected. For deformation analysis, ANKR, an IGS station located on Anatolian plate at 39.89 • N, 32.76 • E, was also included in the network. For the connection of ANKR to the network, the data collected at some primary network points with the longest observation times were used. This was accomplished for both campaigns. Then the network was minimally constrained by fixing the ITRF96, epoch 1998.0, coordinates of ANKR only in order to avoid any datum effects within the internal geometry of the network. For deformation analysis, a conventional similarity-transformation based deformation analysis procedure was applied as described by Acar et al. (2006) . The movements of stations estimated with a confidence level of 0.95. Magnitudes of surface deformations at control stations were attained when the coordinates obtained from both observation periods in 1999 and 2005 are compared with each other. During the evaluation process, 46 points, 5 of which were from the fundamental network, from a total of 498 points measured within the both GPS campaigns, were excluded during the data processing as outliers because of their uncertainty. As a result, displacements of 452 common points were estimated relative to the ANKR station. Right, upward projection horizontal coordinate differences and differences in ellipsoidal heights were used as input values in the Generic Mapping Tools (GMT) programme.
The largest horizontal displacement among 47 Primary Network points was 74.3 cm, and the smallest was 19.5 cm. The largest vertical displacement was 11.3 cm, and the smallest was 0.03 cm. When the horizontal displacements, obtained using 405 densification points, were taken into consideration, the largest horizontal displacement was 89.6 cm, and the smallest was 18.4 cm. The highest vertical displacement among densification points was −31.3 cm, and the lowest was 0.05 cm. Figures 5 and 6 illustrate the horizontal and vertical displacements obtained for all network points, respectively (Özyaşar, 2009) .
When all network points are considered, the points are moving eastwards within the study area. An increase was observed in the horizontal displacements of the network points in the east, being closer to the epicentre of the earthquakes in East Marmara. An increase was observed in the vertical displacements on the north coastal regions and regional changes at some points displayed differences with their high values, which could have arose due to the local geological processes around these points.
The results obtained from the points in the region where TUBI is located, an IGS station situated to the east of the IGNA network, are in agreement with the results of the study of Ehrensberger (2000), who analysed the movement of stations of the EUREF network, including the IGS station TUBI. In another study, Doǧan et al. (2003) determined the coseismic displacements of some MAGNET points and TUBI. The amount and direction of TUBI's displacement are also consistent with the results obtained in this study. For a better understanding, the horizontal displacement vectors, the epicentres of Izmit and Düzce earthquakes, and locations of TUBI and the NAFZ are shown in Fig. 7 .
Conclusions
The NAFZ was the subject of numerous scientific studies before and after the earthquakes in East Marmara. These studies were evaluated under the aspect of two separate categories studies carried out by different disciplines and the studies conducted by geodesists focusing on the determination of crustal movements and velocity vectors.
The IGNA-1999 was designed as a combination of primary network and densification network points, totalling 650 points. After the IGNA project, whose technical report was published in 1999, the earthquake in Izmit occurred on 17 August and the earthquake in Düzce occurred on 12 November. The displacements experienced as a result of these 1999 earthquakes required the IGNA to be re-measured and re-evaluated. As a result of the re-measurement of the IGNA between 2005 and 2006, the number of points tripled. When compared, the horizontal displacements before and after the earthquakes showed a difference that ranges between +18.4 cm and +89.6 cm, while the vertical displacements showed a difference ranging between +27.9 cm and −31.3 cm. The magnitude of the differences experienced may have occurred because the IGNA project was designed as a basis for daily engineering activities and the GPS measurement periods were kept relatively short according to deformation studies based on this design.
When all of the points in the Istanbul GPS Triangulation Network are taken into consideration, an eastward horizontal displacement trend was detected in the study area. An increase in horizontal displacements was observed nearer to the epicentres of the earthquakes in East Marmara. Further, an increase was observed in vertical displacements on the north coastal regions and some points portrayed an unexpected increase due to regional geological processes around these stations.
When horizontal and vertical displacements were assessed together with the ground, it was observed that ground properties alone did not affect displacements, and an increase was observed in the difference of horizontal displacements in the east region, nearer to the epicentre of the earthquakes experienced in East Marmara, in comparison to the west region of Istanbul where the ground is more loose. The difference in vertical displacements portrayed different behaviours according to the soil, excluding the block movement. It is possible to say that vertical displacements generally occur during earthquakes. In addition, the majority of moderate and intense earthquakes increase the liquefaction of ground, trigger mass movements such as rock falls, and cause different earth movements within the same region.
Lateral strike slip earthquakes that register below 6 on the Richter Scale do not create movement over the sensitivity of geodetic measurements. Turkey, located in the region where the tectonic plates of Arabia and Africa collide with the tectonic plate of Eurasia, has experienced numerous earthquakes that register above 6 on the Richter Scale. However, it is possible to state that horizontal and vertical crustal movements have occurred throughout the years at a magnitude well over the sensitivity of geodetic measurements, regardless of earthquakes occurring. The results obtained for the horizontal and vertical displacements using the measurements carried out during both periods on the points of the IGNA reflect the general characteristics of the NAFZ.
The results are also consistent with the past studies conducted in the same region.
The fact that the majority of Turkey is within a seismic zone makes collaborative working of numerous disciplines inevitable when carrying out studies after earthquakes, and when carrying out studies to predetermine earthquakes. The aim of geodetic studies carried out in regions prone to earthquakes is to determine crustal stresses and small crustal movements that cause earthquakes or to determine the location, direction, and magnitude of the displacements that arise during and after an earthquake. Present geodetic networks enable geodetic studies to fulfil the aforementioned objective. In fact, these geodetic networks are commonly used in engineering measurements carried out as part of daily engineering activities. When projects including engineering measurements such as the IGNA example are carried out, they should be designed in a way that considers their contribution towards tectonics, which will then contribute immensely to the studies carried out in this field.
IGNA measurements were conducted in a campaign-style mode, i.e. short measurement surveys separated by long time periods. Campaign based GPS surveys give no indication of the rate of ground movement between the campaigns. Another issue is the stability of station monuments. The obtained results could be contaminated by several factors such as soil movement, centring errors of a tripod, etc. In addition planning and executing GPS campaigns could be quite expensive Moreover logistics problems may occur. A solution to overcome such disadvantages is to adopt a continuous GPS deformation monitoring approach. The setting-up of a continuous GPS infrastructure provides uninterrupted measurements of the displacements in any kind of deformation monitoring.
Continuously operating reference stations could also be a powerful means for deformation monitoring. Today there are nationwide networks of such stations. Such a network has also been established in Turkey: the Continuously Operating Reference Stations Network of Turkey (CORS-TR) became active in 2008. This network consists of 147 stations covering Turkey and the northern part of Cyprus. In fact, the basic objective of the CORS-TR project is to provide reliable positioning for daily engineering activities. Because of the visibility and logistic conditions, many of the stations in urban areas were established on the roofs of the buildings. Although such disadvantages exist, the point locations were chosen in proper places considering the contribution of CORS-TR data to the earthquake related studies. The project is considered to make a valuable contribution to the realization of highly accurate real-time monitoring system of plate tectonics in Turkey, thus enabling continuous measurements of deformation magnitudes and directions (Yıldırım et al., 2003) . It is clear that CORS-TR data will be widely used in the future by earthquake researchers.
